During quarrying of sandstone, waste sandstone cake is discharged as industrial waste. We attempted to convert the cake into zeolitic materials using the alkali fusion method. Waste sandstone cake is mainly composed of crystalline phases, which were difficult to dissolve into aqueous alkali solution. By alkali fusion, most of the crystalline phases were converted into soluble phases, and could be transformed into zeolite crystals, zeolite-X and hydroxysodalite. The cation exchange capacities (CECs) of the product was almost 2.3 mmol/g, which is about 30 times higher than that of waste cake, and is higher than that of commercial natural zeolite.
Introduction
During quarrying of sandstone, waste sandstone is discharged as industrial waste. The amount of waste is 3 wt. % of the production. Although a part of the waste is used as artificial aggregates or some minor applications, a large part of it is dumped at landfills. The limited capacity of the landfills causes social and environmental problems. One of the most effective utilization is to convert sandstone cake into zeolitic materials.
Zeolites are a group of over 40 crystalline, hydrate alumino-silicate minerals with structures based on a three-dimensional network of (Al, Si)O4 tetrahedra linked by the sharing of oxygen atoms. Due to the specific pore sizes and large surface areas, zeolites have the potential for a wide range of applications such as molecular sieves, adsorbents, and catalysts [1] . Many researchers have reported the hydrothermal synthesis of zeolites from incinerated ash, which was mainly composed of SiO2 and A12O3 as amorphous phases [2] [3] [4] . Although the cake mainly contains SiO2 and A12O3 as crystalline phases, it is difficult to synthesize zeolitic material using the hydrothermal method, because the solubility of the crystalline phase is lower than that of the amorphous phase.
The purpose of this study is to ascertain the conversion of waste sandstone cake into zeolitic material using the alkali fusion method. The crystalline phases of the cake were first converted into soluble phases by alkali fusion, and then used to synthesize zeolitic materials. The solubilities of the Si, Al and Na elements from the cake, fused material, aged material, and product, were determined as follows. Each sample (50 mg) was added to 10 mL of 1M HCl solution in a 50 mL tube, and shaken for 2 h using a reciprocal shaker. After shaking, the solution was filtered, and the Si, Al and Na contents in the filtrate were determined using the Inductively-coupled plasma method (ICP-AES) (Shimadzu, ICPS-7500).
The characterization of the cake, fused material, aged material and product was performed by X-ray powder diffractometry (XRD) (Rigaku, XRD-DSC-XII) and scanning electron microscopy (SEM) (Topcom, SM-200).
The cation exchange capacities (CECs) of the cake and product were measured, as reported by Wajima et al. [5] . and clinochlore ( Fig. 2 (a) ). After fusion, most of the crystalline phases were first converted into soluble sodium silicate ( Fig. 2 (b) ), and then converted to amorphous material with the remaining crystalline phases through 24-h agitation (Fig. 2 (c) ). Finally, zeolite-X and hydroxysodalite can be synthesized in the product (Fig. 2 (d) ). Fig. 3 shows the SEM micrographs obtained for the (a) waste sandstone cake, (b) fused material, (c) aged material, and (d) product. Although waste sandstone cake is composed of rugged particles ( Fig. 3 (a) ), the fused material is a large particle with a melting surface resulting from the formation of sodium silicate by the alkali fusion method ( Fig. 3(b) ). After agitation, the aged material takes on the appearance of a gel-like particle with an amorphous phase ( Fig. 3 (c) ), while the final product is a mixture of ball-like aggregates (hydroxysodalite) and octahedral crystals (zeolite-X) ( Fig. 3 (d) ). Table 1 shows the dissolved elements of the samples prepared. The amounts of dissolved Si and Al in the fused material are 4 and 2 times higher than those in the cake, respectively. After the agitation process, the amounts of dissolved Si and Al in the aged material increase, due to a decrease in the amount of Na in the material.
The amount of dissolved elements in the product is almost the same as that in the aged material.
As a result, the cake is first converted into soluble material by alkali fusion, and then transformed into an amorphous gel with a high content of soluble Si and Al to form the zeolite structure, and a low content of Na to hinder the formation of zeolite-X, by agitation. Finally, the zeolitic material can be synthesized from this gel. Table 2 shows the CECs of the cake and product. Although the CEC of the cake is only 0.08 mmol/g, the CEC of the product is 2.32 mmol/g, which is almost 30 times higher than that of waste sandstone cake. For comparison, we used the same method to measure the CEC of commercial mordenite-type natural zeolite from the Iizaka mine, Fukushima prefecture (Nitto), and found that it was 1.85 mmol/g. The CEC of Japanese natural zeolite is about 0.4-1.9 mmol/g [6] , and the natural zeolite specimens used in this study had a relatively high CEC compared to common natural zeolite. The CEC of the product is higher than that of the natural zeolite specimens. Table 2 CECs of waste sandstone cake and product.
Zeolite-X has a large pore size (7.3 A) and high CEC (5 mmol/g), making it a high value-added zeolite that can be used as a molecular sieve or cation exchanger, while hydroxysodalite has a small pore size (2.3 A) and low CEC (0.3 mmol/g), making it a low value-added zeolite. Therefore, in the future, by optimizing the synthesis conditions to produce zeolite-X, not only can an improved cation exchange capacity be expected, but also that zeolite-X can be used as a molecular sieve or other highly functional material.
